Enhanced stability of laser wakefield acceleration using dielectric capillary tubes
Laser wakefield accelerators, first proposed in 1979 [1] , appear promising as sources of highly relativistic electrons and associated X-ray radiation, in particular since experiments have demonstrated the possibility of generating highquality quasimonoenergetic pulses of electrons [2] [3] [4] .
Laser wakefield accelerators benefit from the much higher electric field that can be sustained in electron plasma waves compared to conventional accelerators, and thus hold promise for size and cost reduction. The beams of laser wakefield accelerated electrons have properties that are complementary to those of conventional accelerators, and thus open doors to novel applications. These sources therefore attract worldwide interest from many different areas of science, technology, and medicine, e.g., X-ray freeelectron lasers, high-energy particle physics, and oncology. However, laser-plasma accelerators are still at their early stage of development and are hampered by, in particular, limited reproducibility and stability, restricting their use in applications.
Much current research in this field is focused on increasing the maximum energy of the electrons, for example by extending the acceleration length through the use of different laser waveguiding structures [5, 6] , or by using multiple accelerator stages [7] . Large efforts are also made to control the injection of electrons into the accelerating structure to increase the quality of the electron pulses and to gain better control of the mechanism.
In this paper we report on a study of the stability of beams of laser-plasma accelerated electrons using dielectric capillary tubes as laser waveguides. This type of waveguide [8] has three main advantages: (i) The plasma density inside the tubes can be arbitrarily low, as the laser beam is then guided purely by reflection from the tube walls [6] . The absence of a minimum density requirement for guiding [9] makes the capillary tube relevant for laser wakefield acceleration over long distance since the maximum achievable electron energy scales with the inverse electron density assuming the process is limited by dephasing [1] . (ii) When the laser focal spot is smaller than the matched focal spot for coupling to the capillary tube, and for laser power larger than the critical power for self-focusing, the laser energy outside the main peak of the focal spot can be reflected from the tube wall back to the laser axis, which helps to sustain relativistic self-focusing and laser guiding over a longer distance than in a gas jet or in a gas cell with similar plasma density [9, 10] . (iii) the capillary tube provides a shock-free gas medium [11] . In this study electrons from the background plasma are trapped and accelerated in the so-called bubble regime of laser plasma acceleration. This mechanism is simple to achieve experimentally, and has been observed by numerous groups in gas jet, gas cell, or waveguides. Using hydrogen filled capillary tubes, we have performed a statistical analysis of the stability of the parameters of the electrons accelerated by a laser beam which pointing position is stabilized in the focal plane.
The experiments were conducted at the Lund Laser Centre, using a Ti:Sapphire based multi-terawatt laser system. A sketch of the experimental setup is shown in Fig. 1 . Typically, the laser was set to deliver pulses with energy of 750 mJ on target with a pulse duration of 40 fs at a center wavelength of 800 nm, giving a peak power of 18 TW. The laser beam was focused by an f ¼ 76 cm offaxis parabolic mirror. Using a closed looped optimization system, consisting of a wavefront sensor and a deformable mirror in the beam path, a focal spot with a FWHM of 19 μm, close to the diffraction limit (Strehl ratio ≥ 0.95), was achieved. An estimated peak intensity of 4.4 × 10 18 W=cm 2 was thus achieved in the focus of the beam, corresponding to a peak normalized vector potential of a 0 ¼ 1.4.
An active system for stabilization of the transverse position of the focus [12] was used to minimize laser pointing errors. This system uses an analog position sensitive device to measure the position of the focus from a reference beam, and a large (100 mm) piezoelectric actuated mirror in the beam path to steer the beam. With this system a short-term scatter of the focal spot position with a rms distance from the average position of ≈4 μrad was achieved, while any long-term drift of the transverse focal position was essentially eliminated.
The laser pulses were focused one millimeter inside different glass capillary tubes, with diameters in the range 76 to 254 μm and lengths in the range 8 to 20 mm, carefully aligned to the laser beam axis [9] . The capillaries were filled with hydrogen gas from a reservoir with variable backing pressure, 35 ms before each laser pulse. The resulting molecular density of the gas inside each capillary was deducted from interferometric studies [13] performed off-line. The gas inside the capillary tubes became fully ionized into a plasma by the leading edge of the laser pulse. Alternatively, a gas nozzle could be moved under vacuum to replace the capillary tube to create a cylindrical jet of hydrogen gas with a diameter of 3 mm at the laser focus for comparison with capillary tubes.
The accelerated electrons were observed on a scintillating screen (Kodak Lanex Regular), using a 16-bit CCD camera. This way the electron beam profile and pointing could be studied. In addition, a 120 mm long rectangular dipole magnet with a peak magnetic field of 0.7 T could be inserted into the electron beam path to disperse the electrons according to energy and thus allow the energy spectrum of the electrons to be determined. The energy axis of the spectra was absolutely calibrated by numerically tracing electrons through a map of the measured magnetic field. The physical boundaries of the dipole magnet set a lower limit on the energy of the electrons that could be observed to ≈40 MeV taking into account the electron beam divergence. The energy resolution of the spectrometer is decreasing with increasing energy. For the divergence of the electron beams observed in this experiment, the energy resolution is ≈8% at 80 MeV. The total amount of charge impacting the scintillating screen was determined by integrating the images and using published calibration factors [14] for the scintillating screen.
Furthermore, the laser pulses were sampled, using the leakage through a dielectric mirror in the laser beam path, and focused using an achromatic lens (see Fig. 1 ). An image of this focus was acquired at each shot, which provided an absolutely calibrated measurement of the laser pulse energy on target and also an estimate of the scatter of the laser focus position and size. In addition, the spectral intensity distribution of each laser pulse was acquired using an optical spectrometer. Neglecting shot-to-shot fluctuations in spectral phase, these spectral intensity variations allow an estimate of shot-to-shot variations in pulse duration to be made through an inverse Fourier transform.
The data presented in Fig. 2 were acquired during a sequence of 130 consecutive pulses with identical settings. The delay between pulses was 30 s in order to allow the pumps to evacuate the target vacuum chamber from the gas load. Thus, these data points were acquired over 65 min. The measured pulse energy, shown in Fig. 2(a) as a function of the shot number, indicates a slight drift toward lower energy during the sequence of shots. However, the standard deviation of the laser pulse energy is only 1.9%. The estimated laser pulse duration showed similar stability, with a standard deviation of 1.9%, but without any drift. After the first 90 pulses, marked in red in the figures, the active pointing stabilization system was turned off, marked in blue in the figures. As expected, no change in stability of laser energy or pulse duration was observed when turning off the active pointing stabilization system. FIG. 1 . Sketch of the experimental setup. The main laser pulse (red) is focused by an off-axis parabolic mirror (OAP) into a dielectric capillary tube (or a gas jet) filled with hydrogen gas. The accelerated electrons are dispersed by a dipole magnet before reaching a scintillating screen. The leakage from a dielectric mirror in the beam path is used to record spatial and spectral intensity distributions of every laser pulse. A continuous reference beam (marked in green for clarity, but in reality of the same wavelength as the main beam) is used in combination with a position sensitive detector (PSD) for feedback to a system for active pointing stabilization.
During this sequence, the laser pulses were focused into a 20 mm long dielectric capillary tube with a diameter of 152 μm filled with hydrogen gas at a backing pressure of 340 mbar, resulting in a fully ionized plasma density of 1.3 × 10 19 cm −3 . At this plasma electron density and the given peak power, the ratio between the peak power and the critical power for relativistic self-focusing [15, 16] is P=P c ≈ 7. Under these experimental conditions, the laser pulse is expected to self-focus soon after entering the plasma, resulting in an increased peak intensity. The laser pulse expels electrons from regions of high intensity, leading to a bubble structure following the laser pulse, in which electrons are self-injected at multiple locations along the propagation through the plasma [10, 17] . The density threshold for injection of electrons into the accelerating structure was experimentally determined to be ≈0.85 × 10 19 cm −3 . The amount of charge in the resulting electron beams, with energy above 40 MeV, is shown in Fig. 2(b) as a function of the shot number. The electron beam parameters show larger fluctuations than the laser pulse parameters. Immediately after the active pointing system is turned off, the quality and stability of the electron beams degrade significantly and after ∼25 shots the capillary tube is damaged beyond being operational. This shows that controlling the scatter and drift of the laser focal spot is crucially important when accelerating electrons in dielectric capillary tubes using laser pulses of high intensity and energy. The active stabilization system employed in the present study enabled long sequences of data collection and an enhanced endurance of the capillaries.
The average charge for the first 90 shots in the sequence was determined to 43 pC with a standard deviation of only 14%. This small spread in charge was found to be typical also for dielectric capillary tubes of different dimension after similar optimization. For example, in another sequence the charge of electrons, with energy above 40 MeV, accelerated inside a capillary tube with a larger diameter, 254 μm, and a shorter length, 10 mm, was measured to be higher, 107 pC, while the standard deviation was still only 18%. We did not observe any significant correlation between the amount of accelerated charge and the dimensions of the capillary tube. The difference in amount of accelerated charge between the different series of data reported here can instead be attributed to small differences in experimental parameters, such as laser energy and plasma density, that affect the amount of accelerated charge [17, 18] . The experimental parameters were optimized for best stability before acquiring each series of data, which resulted in slightly different values of these parameters.
The stability in charge using the capillary tube is very good compared to the results achieved when, in the same setup and with identical laser parameters, the capillary tube is replaced with a 3 mm gas jet as a target, which showed a standard deviation in charge of 55%, with an average value of 68 pC. The charge stability of beams accelerated in capillary tubes is very good also when compared to published studies on laser wakefield acceleration in gas jets and gas cells showing stable beams [11, 19, 20] . The average value and stability of measured parameters of the beams of electrons accelerated in dielectric capillary tubes of different sizes, and in a gas jet, are summarized in Table I. The energy stability of the accelerated electron beams is shown in Fig. 3 . False color images of traces of the dispersed electrons on the scintillating screen, from 15 consecutive laser shots (number 25 to 39 in Fig. 2 ), are shown in Fig. 3(a) using the same color scale for all images. The electron energy spectra in this study show continuous energy distribution, as shown in Fig. 3(b) , rather than TABLE I. Summary of electron beam stability parameters acquired in three series using capillaries of different diameter (ø) and lengths (l) (A-C) in comparison with one series of data acquired using gas jet. The stabilities of the electron beams were studied using the same regime of acceleration. Before acquiring each series of data, the experimental conditions were optimized for best stability, yielding slightly different values of, e.g., backing pressure and laser intensity. The average and standard deviation of charge (Q) corresponds to electrons with an energy above 40 MeV measured with the dispersing dipole magnet in the electron beam path. The divergence (θ) and the RMS pointing stability (ϕ) was measured without the dispersing dipole in the electron beam path. features of peaks, indicating that the acceleration process is dominated by injection at multiple locations in space and time [10, 17] . Previous studies [9] report on electron beams from dielectric capillary tubes with quasimonoenergetic energy spectra, but with lower charge, when experimental parameters were instead optimized in order to achieve selfinjection in a well-localized phase-space volume and to avoid dephasing. The parameters of the present study were selected for their capability to produce, on every shot, an accelerated beam with a significant amount of charge, interesting for example for the study of X-ray generation or other applications. The energy spectrum of the beams of accelerated electrons in dielectric capillary tubes are reproducible, as indicated by Fig. 3 . The standard deviation from the average spectrum is less than 27% over the full measured energy range. This standard deviation is below 15% for energies between 65 and 80 MeV and has a minimum of 14% at 72 MeV.
The dependence of the amount of accelerated charge, with an energy above 40 MeV, on the laser pulse energy on target is shown in Fig. 4(a) . This figure shows a clear dependence between the charge and laser pulse energy. This behavior is expected since higher laser energy for the same pulse parameters implies a higher probability of selfinjection due to the higher amplitude of the plasma wave [18] . The data points are scattered along the solid line, which is fitted from the experimental data, and indicates that the stability in charge can be improved by a better stability in laser pulse energy. Although a certain amount of fluctuations in beam charge is clearly due to variations in laser pulse energy, these variations account only for part of the total charge fluctuations within a given series. However, the figure shows that small variations in laser energy can explain the observed difference in accelerated charge between different series.
We could not find any significant correlation between the electron beam parameters and intrinsic variations in focal spot size or width of the laser pulse spectrum. Although this might be due to insufficient accuracy of the measurement, it can also be due to the nonlinear laser pulse evolution in the plasma, such as self-phase modulation and relativistic selffocusing. Thus, fluctuations in laser pulse duration and spot size after propagation in plasma are not necessarily the same as the measured initial values.
A typical electron beam charge distribution in the transverse plane is shown in Fig. 4(b) acquired during a sequence of 30 shots using the same setup as above, but without the dispersing dipole magnet in the electron beam path. The average divergence (FWHM) for these shots was measured to 11 mrad with a standard deviation of 13%. This divergence is larger than the opening angle of the capillary tube as viewed from the entrance plane, which is 7.6 mrad. Similar divergence of the electron beam was measured on electron beams accelerated inside capillaries tubes of other dimensions as shown in Table I , which suggests that the beam is not limited by the aperture of the capillary tube. The divergence of the beams of electrons accelerated inside the capillary tubes is also similar to divergence of the beams accelerated inside a gas jet (see Table I ).
The pointing scatter of the electron beams accelerated inside the capillary with diameter 152 μm and length of 10 mm is also shown in Fig. 4(b) , where the center of each beam profile is marked by a cross. The rms distance from the average beam position is only 1.2 mrad for this sequence. This is significantly less than the corresponding value of 4.4 mrad measured for the beams of electrons accelerated inside a gas jet during this experiment. Small pointing scatter was observed also using capillaries of other dimensions. For example, during a sequence of 100 pulses in a capillary with a diameter of 254 μm and a length of 10 mm, the rms pointing scatter was as low as 0.8 mrad and no shot deviated more than 2.7 mrad from the average beam position. The beams of electrons accelerated during this experiment have been shown to be very stable in charge, divergence, and pointing. The stable and uniform gas density distribution, which is also shockfree, that can be achieved in a dielectric capillary tube, or a gas cell of similar dimensions, is expected to contribute to this stability of the resulting electron beams.
In conclusion, we have shown an enhanced stability of beams of electrons accelerated in dielectric capillary tubes compared to electrons accelerated using a gas jet as target. Very good laser beam pointing stability has been shown to be necessary in order to carry out the studies reported in this paper. In the present study, such stability was achieved using an active beam pointing stabilization system. The measured beam charge variations are shown to be partly due to laser pulse energy fluctuations. The stability of the electron beam parameters appears to be similar for the different sizes of capillary tubes used in this experiment. The enhanced stability of laser wakefield acceleration using dielectric capillary tubes indicates a path toward applications of these electron beams.
